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ABSTRACT

The BAM6QT is a hypersonic wind tunnel that was simulated with a 7-degree half-angle cone with
diameters ranging from 4 to 7-inches, three different cone setups, and viscous and inviscid flow
computations. These tests were then compared to determine what effects would cause the tunnel to unstart.
Unstarting refers to flow not reaching Mach 6 at the apex of the cone or reflection shocks impinging on the
surface of the cone causing undesired flow characteristics. There were three main conclusions that were
made from this study, initially, it was found that when the BAM6QT was simulated with viscous flow and
a 5.5-inch diameter cone with sting and or sting and support the tunnel would unstart. Secondary findings
determined that viscous flow and sting and or sting and sting support are essential to the results. The tunnel
unstarts due to shock and boundary layer interaction on the 5.5-inch diameter cone.
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Chapter 1
INTRODUCTION

Background
Flight speeds that reach five times the speed of sound or higher are defined as hypersonic flight.
As of now, hypersonic speeds are only reached when onboard propulsion systems are used, such as rockets.
Even though rockets reach hypersonic speeds, they are only reached for short periods during takeoff and
reentry and would not be defined as sustained flight. Due to the high temperatures and pressures acting on
an aircraft during hypersonic flight, active cooling, shock physics, ionization, and structural fatigue and
loading must be fully understood before safe and sustained hypersonic flight can occur. An example of the
dangers that are afflicted with hypersonic flight can be seen from the X-15 hypersonic testing. The shock
and boundary layer interaction that occurred while carrying a dummy pylon (Hypersonic Research Engine)
at a Mach number of 6.7 led to intense temperatures of over 2000 °F (1366 K) [1]. This elevated temperature
caused melting to occur at the connection point between the pylon and the hypersonic vehicle. Effects from
the shock-shock heating on the X-15 can be seen in Figure 1 below [1].
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Figure 1 Hypersonic X-15 Connection and Failure [1]

This brings about the need to produce hypersonic flight conditions experimentally, on the ground,
so that material reaction to heating and load, shock placement and intensity, and chemical reactions within
the air can be observed. One example of a hypersonic flight experiment facility can be found at Purdue
University. It houses the Boeing and Air Force Mach 6 Quiet tunnel also known as BAM6QT [2]. The term
quiet in the BAM6QT wind tunnel refers to the minimization of acoustic waves such as vibrations and other
first-order instabilities to provide more realistic flight conditions [3,4,5]. When first-order instabilities occur
within a high-speed wind tunnel, they can cause incorrect or early shockwave creation, overemphasized
shock intensity, and shock placement that occurs upstream of true flight shock placement. The location,
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intensity, and shock wave occurrence are important because these are major contributors to hypersonic
design, so that items such as aero-thermal and high-pressure structural overloading can be avoided [3,4,5].
The BAM6QT’s hypersonic flow is created by a Ludwieg tube-style wind tunnel. The benefit of a
Ludwig style tunnel is it does not put high-stress loads on the model and can be run for longer periods of
time, specifically when compared to a shock-tube-based wind tunnel. In comparison to a shock tube that
pushes the shock wave across the model with high temperatures and pressure which are created using a
flammable fuel-air mixture, ignitor, diaphragm, and a controlled explosion, the Ludwieg tube uses an
expansion fan to create a high Mach number flow [4,6]. This is done by using a blowdown facility setup,
meaning that high- and low-pressure systems are separated by a diaphragm or valve [4,6]. When the
diaphragm bursts or the valve opened a shock wave travels towards and is swallowed by the vacuum tank
(low-pressure system) while the expansion wave travels down the driver tube (high-pressure system). The
expansion wave eventually reflects off the end wall of the driver tube and begins to move back towards the
converging-diverging nozzle. The time between the expansion wave traveling down the driver tube and
back to the throat results in steady-state conditions, meaning that once the expansion wave passes through
the test section the values of pressure, density, velocity components, and temperature will be constant.
Values will remain constant until the expansion wave reflects and causes a decrease in pressure when it
contacts the converging-diverging nozzle [4,6]. However, if the pressure remains high enough, it will still
produce hypersonic flow, albeit at a lower Reynolds number [4,6]. The process described above will
continue until the flow reaches equilibrium, meaning the pressure is constant throughout the entire Ludwieg
tunnel [4,6]. To achieve quiet flow conditions, the BAM6QT removes flow at the throat by suctioning
approximately thirty-eight percent of the mass flow rate out of the wind tunnel using a bleed slot [2]. The
bleed slot is connected to a fast-acting valve and works by utilizing a high to low-pressure change system.
Due to the removal of flow out of the wind tunnel the thickness of the boundary layer is decreased. The
decreasing of the boundary layer thickness increases the area of core flow within the test section of the
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tunnel and due to the flow being greater than a Mach number of one (supersonic) a larger area (diverging
section) causes a higher Mach number and more stabilized flow to occur.

Figure 2 BAM6QT Schematic [2,7]

The geometry from Figure 2 should be discussed for clarity to understand all BAM6QT parts and
their purpose. The inlet section refers to the beginning of the Driver Tube section that is specified to be
17.5 inches in diameter. The throat is the smallest diameter observed on the BAM6QT and separates the
inlet and the diffuser. At the smallest diameter in the throat, the Mach number is one reaching the sonic
condition. Right before the throat in the BAM6QT a bleed slot can be seen. The purpose of the bleed slot,
as mentioned above, is to remove approximately thirty-eight percent of the mass flow and with-it part of
the boundary layer [2]. The benefit of removing the boundary layer means that there is more area for the
core flow in the test section. This results in an increased Mach number in the test section. Experiments and
computational simulations have been tested and verified that turbulent flow (thicker boundary layer) results
in a Mach number of approximately 5.82 in the test section, while laminar flow (thinner boundary layer)
results in a Mach number of approximately 6.0 . The total temperature in the test section of the BAM6QT
is fixed, meaning due to the isentropic relationship between total and static temperature as seen in equation
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1 and gamma being considered stable, as the Mach number increases the static temperature must decrease
to keep the same total temperature value.
𝑇0 = 𝑇 ∗ (1 +

𝛾−1
2

𝑀2)

(1)

𝑝∗𝛾

(2)

𝑎 = √𝛾 ∗ 𝑅 ∗ 𝑇 = √
𝑀=

𝜌

𝑉

(3)

𝑎

As the static temperature in the BAM6QT’s test section decreases the speed of sound which is
defined in equation 2 will also decrease. The Mach number, which is defined in equation 3, shows the
velocity magnitude divided by the local speed of sound is then increased because the denominator (speed
of sound) decreases. Simply summarized, the static temperature decreases as the Mach number increases,
since as temperature decreases the speed of sound decreases.
The diverging section begins as the nozzle begins to expand to a diameter of 9.5 inches. When the
diameter of the diffuser reaches 9.5 inches the test section begins. The diameter continually increases
throughout the test section to maintain a Mach number of 6. The test section is where model and model
supports (sting and sting supports) are located. Figure 3 below shows a diagram of the sting and sting
support systems [3].

5

Figure 3 BAM6QT Sting and Sting Support [3]

The sting and sting support systems are defined by Schneider [5] which states the following
dimensions, “a 2.5-in.-diameter cylinder with 20 degrees chamfered leading edge to hold the 1.5-inch
diameter sting. The 1/8-in.-thick steel blades are welded to the center shaft and to 3/8-inch square feet. The
leading edge of the blades is tapered at 45 degrees. The feet are chamfered at 20-deg.” [5].
The BAM6QT allows for different geometries to be placed inside its test section which can be
viewed in Figure 2 where it states, “Fixed Sting Support”. The model is attached to the sting and hypersonic
flow is pushed past the model. The sting is held in place by three supports that are 120-degree apart and
larger cylindrical support that the sting concentrically fits within [3].
Unlike some wind tunnel designs, the BAM6QT high-pressure system includes the test section and
is highly pressurized initially by a diaphragm that separates the high- and low-pressure sections. The test
section ends when the second diffuser begins. As stated above, before the tunnel is “started” the driver
section which consists of the throat, nozzle, and part of the diffuser are pressurized to 130 psi
6

(approximately 896 kPa or a little over 8 atmospheres) and 320 °F (433.15 Kelvin) [4]. The second nozzle
diffuses into a vacuum tank where the pressure is the lowest in the system, less than 10 Torr (1333 Pa) [3].
The section after the driver section that contains part of the diffuser, test section, and the vacuum tank is
also denoted as the driven section. It is important to note that once the flow passes through the throat at
sonic conditions and the throat conditions become choked the mass flow rate of the core flow becomes
fixed . Meaning, that density, velocity, and area become dependent upon one another in the test section and
diffuser.
The flow naturally regulates itself throughout the BAM6QT through the occurrence of shock waves
(shocks). When shocks are formed variables such as pressure, density, temperature, and velocity undergo
discontinuous changes. Figure 4 shows the basic relationship between the primitive variables across a
normal shock. Oblique shock properties act similarly but are also affected by characteristics such as shock
and wedge angle. As shocks occur flow properties are changed, the effect of shocks is studied because the
discontinuous changes in properties at hypersonic speeds such as pressure and temperatures can lead to
structural and thermal failure on a rigid body.
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Figure 4 Normal Shock Relations

The ability to move hypersonic flow across different geometries allows for an understanding of
how different geometries will affect shock placement, angle, and intensity. Thus, being able to observe and
test different experimental factors such as nose cone angle and bluntness are critical to understanding how
hypersonic vehicles react to hypersonic speeds, meaning how fluid (air) interacts with the surface of an
aircraft in flight.

Statement of the Problem
Hypersonic flight is one of the most researched fields right now, with new solutions to problems
being tested regularly. Even though there is a lot of work that has been completed in this field, there are
still a lot of questions that need to be answered. The ability to conduct hypersonic experiments during flight
is both expensive and can be altered by undesired effects such as components in flight vibrating or
equipment failure [5,8]. Though results for a hypersonic quiet wind tunnel are much more accurate than an
inflight experiment, running a hypersonic experiment in a lab requires time, people, millions of dollars in
equipment, and a large facility. Testing may be required initially to determine temperature, pressure, and
shock intensity within a wind tunnel, but further testing can be completed computationally after validating
simulations against the same experimental data. This allows for numerous experiments to be conducted
8

without the need for the experimental facility or even multiple personnel. Simulations can be used to predict
the results of an experiment to determine with a high degree of certainty whether an experiment will be a
success, as well as if there is an elevated risk of failure saving both time and resources. Computational Fluid
Dynamics (CFD) results differ depending on the desired accuracy and desired attributes of the flow such
as viscosity, turbulence, adiabatic walls, and time dependency to list a few examples. It is understood that
the best simulation for a job takes the least amount of time, resources, and formulations, but provides the
proper fidelity to accurately depict the phenomenon being simulated. This means that different solution’s
results need to be compared such as inviscid to viscous and laminar to turbulent to determine what
parameters and setups are needed to accurately predict the experimental results. This is important because
certain flow parameters can cause a solution to take much longer to converge. Once the correct flow
characteristics are determined an accurate estimate of the time required for a solution can be created and
expanded to determine current and future results. For example, after verifying boundary conditions, flux
construction, and flow properties ran correctly using GPUs , it was verified against the CPU solution to
determine that the change to a GPU setup did not alter the solution obtained by CPU’s runs. A quarter of
a hypersonic wind tunnel that is 12 million points can be simulated using 4 GPU in 5 hours, while a
simulation using 346 CPUs took over 15 hours. Meaning that three simulations can be completed using
four GPUs in the time one simulation can be completed using 346 CPUs. Once the initial comparison was
conducted and determined, a comparable solution can be produced with 300 percent efficiency.
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Objectives
The primary goal of this thesis is to be able to understand the generalized shock physics that occurs
on aerodynamically designed vehicle at hypersonic speeds. A simple cone geometry having a 7-degree halfangle with base diameters ranging from 4 inches to 7 inches is used to approximate the nose of a hypersonic
vehicle. Three main geometries were included, the cone by itself, the cone with a sting, and the cone with
sting and sting support. Observations of Mach number across the tip of the cone and shock formation and
interaction across the body of the cone are critical in understanding what occurs on the surface of a
hypersonic vehicle during flight. Simulations of many diverse types and parameters are completed to
determine when the BAM6QT wind tunnel will unstart due to shock physics, change in the area, and or
boundary layer interaction. There are two major ways a wind tunnel is considered unstarted. One is that the
desired Mach number (Mach 6) does not occur across the apex of the cone. The second is that there is an
undesired flow occurring that causes the results to be either inaccurate or uncharacteristic. Secondary goals
involved changing parameters such as flux construction, transient and steady-state, mesh sources being
included vs. not being included, python scripting vs. bash scripting, GPU compared to CPU, different mesh
setups, and different turbulence models to determine how these changes would affect the solution.
The following paper will include a literature review in Chapter 2 that will discuss research
conducted on Ludwieg style tunnels with heavy consideration to the BAM6QT, specifically including
geometry placement within the BAM6QT’s test section and its observed effects. Chapter 3 will discuss
methodology and flow solvers that were used in current research as well as preliminary results that were
determined before the specified research problem could be solved. Chapter 4 is a discussion of the results
that were determined from the simulation of the BAM6QT with different cone geometries for both inviscid
and viscous cases, as well as discussing the results limitations. Chapter 5 ties Chapters 2, 3, and 4 together
by concluding results.
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Chapter 2
LITERATURE REVIEW

Hypersonics is a constantly growing and changing field. Innovative ideas and experiments are
being performed every day to better understand the problems that are associated with hypersonic flow, such
as high heating, intense pressure loading, and airs molecular decomposition at a high speeds. The most
common way of testing and experimenting with hypersonic speeds is using a hypersonic wind tunnel due
to low cost, reliability, and access.
One of the major concerns that are being investigated using hypersonic wind tunnels is flow
separation, recirculation, and shock reattachment. The reason this research is being considered is due to the
high aerothermal heating that occurs on the body of a hypersonic vehicle at the point of reattachment [10].
Figure 5 which is shown below shows a cone and flare setup that demonstrates separation, recirculation,
and reattachment. This article provides relevance to current research because laminar flow is maintained
throughout the steady-state run of the BAM6QT, if recirculation begins to occur due to separation, the
shock reattachment and expansion wave could be problematic to the tunnel starting with accurate data [4].
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Figure 5 Separation, Recirculation, and Reattachment [10]

Running, Juliano, Jewell, Borg, and Kimmel computationally experimented with the effects of
reattachment shock heating by using a varying of cone and flare setups and investigating how the variants
affected Stanton number [10]. Stanton number is characterized as a nondimensionalized form of heat
transfer rate. Mach 6 flow was achieved by using AFRL’s (Air Force Research Laboratory) Ludwig tube
wind tunnel. Two of the four cone setups were considered turbulent while the other two were considered
laminar. Their research found that contrary to the primary belief that a flow that separates laminarly can reattach laminarly and does not need to become transitional i.e., become turbulent. Additionally, shocks
caused during laminar flow and reattach laminarly attach at a steeper angle than that of the turbulent case,
meaning higher aerothermal heating effects occur during laminar-to-laminar reattachment than laminar to
turbulent [10].
Jewell also experimented with using quick-acting valves in the Ludwieg tunnel setup instead of a
diaphragm which will be utilized at the hypersonic wind tunnel being built at the University of Notre
Dame[11].

12

Figure 6 Throat Placements Notre Dame Hypersonic Wind Tunnel [11]

Removing the diaphragm and replacing it with a shutter quick-acting valve system will allow for a
shorter time between runs because the diaphragm will not need to be replaced, as well as allowing the test
section to be built to handle a much lower pressure without the worry of vacuum suction pre-experiment
causing the diaphragm to rupture [11]. Shutter valves get their name from the idea of a shutter on a camera
[11]. The purpose of his research was to determine at what position and rate the valve must open to allow
the hypersonic wind tunnel to start. The different placements are shown above in Figure 6 where the top
image is 2.7 meters (106.3 inches) from the throat, the second image is 1.8 meters (70.86 inches) from the
throat, and the third image is 0.3 meters (8 inches) from the throat. The delay times that were considered
by Jewell for the opening of the quick-acting valve to accurately allow for hypersonic quiet wind tunnel
setup are 30, 60, and 120 ms. Unlike the BAM6QT that places the high pressure to lower pressure separator
(diaphragm) in the test section of the hypersonic wind tunnel, the hypersonic wind tunnel at the University
of Notre Dame places the separator (shutter valve) before the converging-diverging nozzle. The idea being
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the shock that is being created and moving towards and swallowed by the vacuum is weak and will not
affect the solution after a steady-state is reached.
Computational experimentation results determined that placing the shutter valve 0.3 meters (8
inches) away from the throat with a delayed opening of 60 ms provided the best results in terms of startup
time i.e., Mach number and pressure stability [11]. This article shows the importance of timing with respect
to the quick-acting valve, and that the location of the pressure separator (valve or diaphragm) is essential
to the Ludwieg tunnel’s flow setting up correctly.
Jewell also contributed with Lam, Bowersox, Srinivasan, Fuchs, and Mooney on an allencompassing paper about the AFRL’s Ludwieg tube setup [12]. The leading purpose of this paper was to
determine which setup would provide the most consistent, effective, and accurate results i.e., desired
conditions and stability. The research included a comparison of a single ball valve, plug-type fast-acting
valves, and varied materials of the diaphragm. Results show the ball valve was the slowest of three setups
but did have the benefit of not requiring any type of special fabrication or ordering [12]. Research also
considered the benefit of altering nozzle length and driver tube diameters and their effects. A 30-inch nozzle
and 10-inch diameter driver tube diameter were selected because it was the largest size available within the
AFRL budget[12]. The air within the AFRL hypersonic Ludwieg tunnel was heated to 500 degrees kelvin
to avoid condensation of vapor to a slurry of liquid and vapor in its test section. Computational simulations
were modeled as viscous and turbulent using Menter’s SST turbulence model [12]. Parameter specifications
for startup were considered complete when grid count and placement, turbulence model, flow type, etc.
produced the desired Mach number and boundary layer in simulation seen in Figure 7.
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Figure 7 Turbulent Simulation AFRL Ludwieg Tunnel [12]

Results from the setup of AFRL hypersonic wind tunnel observed that single scored diaphragms
that were burst in full reacted similarly to a quick-acting valve and can be seen in Figure 8. The run time
for both single diaphragm and fast-acting valves were the same indicating that there was no true benefit
from the actual run to determine which type to use, therefore, pre-run and post-run effects must be
considered [12].

Figure 8 Noise Comparison Between Single Diaphragm and Quick Acting Valve [12]
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Secondly, Mylar diaphragms were compared to steel and other metal diaphragms to observe
effects. Mylar diaphragms, unlike metal diaphragms, are not scored but instead are melted [12]. The melting
of the mylar diaphragms led to diaphragms only rupturing partially, this finding led the mylar setup material
to no longer be considered due to inconsistency. Ball acting valves could not be used because of its slow
opening time, meaning by the time the ball valve fully opened the expansion wave had already contacted
and reflected back towards the driver tube wall, meaning by the time the valve fully opened the test was
over [12]. Results from the quick-acting valve simulation were then compared to experimental data with
good accuracy as seen in Figure 9. The only major difference between the two tests is the large
instantaneous spikes in pitot pressure which are caused by instabilities that the computational simulation
would not capture because simulated flows are considered perfect, meaning no flow instability such as
friction or structural impurities like dents or weld lines.

Figure 9 AFRL Validation of Experiment VS. Simulation [12]
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Results from these experiments also determined overall noise levels associated with different
actuation setups. The experiments show that single burst diaphragms have the lowest noise levels, while
ball valves had the highest. Ball valves likely have the highest noise levels since it was not fully opened
when the expansion wave returned to the converging-diverging nozzle [12]. Secondly, it was observed that
if a diaphragm only partially ruptured that the noise level was much higher and randomized than if the
diaphragm ruptured properly. Total noise level results are shown below in Figure 10. This article provides
a connection between the different types of pressure separators and their effects on Ludwieg tunnel flow
setup. This also allows for the BAM6QT set up to be compared to other Ludwieg style hypersonic wind
tunnels.

Figure 10 AFRL Comparison of All Pressure Separators [12]
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The BAM6QT is designated as a Ludwieg tube-style hypersonic wind tunnel. It is named after Dr.
Hubert Ludwieg who designed the tunnel in 1955 in the hopes of winning the ongoing competition of
supersonic and transonic hypersonic wind tunnel design during the Cold War era [13,7]. The BAM6QT
began running in 2001 with poor quiet flow results [14]. In 2002 experimentalists noticed that the bleed
slot was not perfectly smooth and had an impurity near the throat. The bleed lip was redesigned with an
electroforming machining process, and bleed slot nozzle geometry was changed to an elliptical shape and
was polished to remove coarser surfaces. These three changes remedied the issue that caused the formation
of a separation bubble in the throat [14]. Ludwieg tunnels are often characterized by their simplicity of
design. Ludwieg tunnels only really require three parts, a driver section, throat, and driven section [15].
The benefit of this style of a hypersonic wind tunnel is the ability to produce quiet flow (laminar flow) in
its test section without a strong shock wave [15]. Quiet flow affects characteristics such as a slower
boundary layer transition due to first and second-order instabilities being limited. Noises levels less than
0.1% are considered quite flow [14]. Noise levels are calculated using the normalized average ratio of
pressure flux to freestream pressure, shown in equation 4.

𝑝̿ ′

𝑁𝑜𝑖𝑠𝑒 𝑙𝑒𝑣𝑒𝑙 = 𝑃

∞

(4)

Figure 11 shows a comparison of noisy flow to quiet flow with respect to the Pitot pressure value.
The figure shows that quiet flow is steady with respect to the change in Pitot pressure, while the noisy flow
is highly oscillatory.
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Figure 11 Comparison Between Quiet and Noisy Flow [14]

Chen, Yi, Li, Han, Zhang, Yang, and Yuan experimented with the boundary layer transition on
blunt circular cones through numerical, experimental, and ground test observations. Figure 12 shown below
shows the observed flow transition from laminar to turbulent on a blunt-bodied cone. It can be seen from
the figure that as a Mach number greater than one contacts the body in the test section of a wind tunnel, a
bow shock is formed at the apex of the cone, and an entropy layer is formed due to the bow shock [15]. The
Entropy layer acts inversely to the boundary layer thickness, and when the entropy layer disperses
instability waves begin to form. Instability waves start from first-order modes such as acoustic waves
mentioned above. First-order instability waves eventually lead to second-order instability waves which are
considered the key component in boundary layers transition to turbulence [15].
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Figure 12 Boundary Layer Transition Diagram [15]

The transition process from second mode instabilities to turbulent transition is shown in Figure 13
through density value capturing. Second-order waves break down into a quiet region before the vortices
begin to occur and cause the flow to transition from laminar to turbulent fluid conditions [15]. Research on
a cones bluntness (cone’s half-angle) was explored and it was determined that the cone’s half-angle directly
correlates to noise levels in the wind tunnel, furthermore, meaning that as a cone’s half-angle is increased
that rate at which a boundary layer transitions to turbulence also increases [15].

Figure 13 Experimental Boundary Layer Transition on Cone’s Surface [15]

Quiet flow allows for more similar flow to true flight conditions to be produced, therefore allowing
for more realistic effects on a model being subjected to hypersonic flow to be observed. One such
phenomenon is boundary layers transition to turbulence. The largest reason for keeping the boundary layer
in the test section laminar is to avoid elevated levels of acoustic radiation that occur in a turbulent boundary
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layer that is unrealistic to true flight conditions [4]. Unlike other types of hypersonic wind tunnels, a
Ludwieg tube uses an expansion fan to create hypersonic flow[4]. This is completed by a diaphragm being
placed in the test section that encases the model within the BAM6QT. At the start of the BAM6QT run, the
diaphragm bursts, and the initial resulting shockwave travels into a vacuum chamber and does not affect
the model, while the expansion wave travels in the opposite direction of the shock wave and moves across
the model in the test section. The expansion wave then reflects at the inlet of the BAM6QT and moves back
towards the throat [7]. When the expansion wave reflects off the inlet of the BAM6QT the pressure in the
hypersonic wind tunnel drops, this occurs about every 0.2 seconds [4]. This effect gives the ability for
experimentalists to test flow at more than one Reynolds number in one run of the BAM6QT. From these
understandings, the number of experiments that can be completed for one run of the BAM6QT is directly
proportional to the starting total pressure and length of the tunnel from the diaphragm to the inlet [4]. From
the initial start of the BAM6QT, it takes around 0.2 seconds for the flow to reach Mach 6 and another
second for the boundary layer to settle to laminar conditions [4]. The total run time for the BAM6QT is
around 7 seconds [4].
Determining if a model will “start” in the BAM6QT is not a simple problem. In fact, it depends on
a case-by-case basis making an all-encompassing solution impossible. Instead, determining what models
will not start in the BAM6QT and why can be beneficial so that time, money, and resources are not wasted
on models that are above a determined threshold for starting, i.e., if a 6-inch diameter cone will not start in
a BAM6QT run there is no point in attempting a 7-inch diameter cone. Different models and test section
positions were selected and then placed in the BAM6QT’s test section. It was observed that different
positions and models created different boundary layer thickness and shock characteristics which are key
reasons to why the BAM6QT becomes unstarted [4]. Figure 14 shows a generic model and shock
characteristic of that model inside the BAM6QT.
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Figure 14 Shock and Boundary Layer Setup on Cone Diagram [14]

Naiman computationally modeled cones with half angles ranging from 15 to75 degrees with a fixed
base cone, he also expanded the test section in symmetric axial directions(y,z). He determined that shock
interaction from the apex of the cone with the boundary layer formed by viscous effects is the main reason
the BAM6QT became unstarted[4].
Each geometry type and position must be tested independently to see how the flow sets up inside
the hypersonic wind tunnels test section, before varying available parameters to determine if they cause the
tunnel to start or unstart [4]. This leads to the all-encompassing question of how big of a model can be
placed inside the BAM6QT and the tunnel still starts correctly. The benefit of a larger model could be the
addition of instrumentation or the ability for “smaller” pieces to be fabricated to true size. The articles above
provide a generalization of the history of how and why the BAM6QT has reached its current state.
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From the papers reviewed above, a lot of research, time, and experiments have gone into
understanding Ludwieg tunnels in general and the BAM6QT specifically. Research has all followed a
similar path, with the idea that determining capabilities and limitations of the BAM6QT as the key to
understanding hypersonic flight, specifically flow and shock characteristics. The research that is discussed
below in the following chapters carries the same purpose, by determining what base diameter of a 7-degree
half-angle cone can be placed inside the BAM6QT and still start. A limitation for the BAM6QT can be
better understood and remedied if possible. Also, this research serves as a blueprint for other hypersonic
characteristic models to be tested inside the BAM6QT.

23

Chapter 3
METHODOLOGY

This chapter provides the details of the geometry and the process utilized to generate the meshes
for the BAM6QT wind tunnel containing the cone geometries with and without the sting and sting
supports. Two flow solvers, Cart3D and FUN3D (both from NASA) were used to simulate the flow field.
Cart3D is an inviscid, Euler flow solver that utilizes Cartesian meshes and requires only a water-tight
surface mesh (triangulation), while FUN3D solves the Navier-Stokes equations utilizing bodyconforming, unstructured volume meshes.

Geometry
A SolidWorks® model of the BAM6QT was provided by Purdue University along with the location
of the cone within the test section. The cone geometry was determined by speaking with faculty and students
who work with the BAM6QT wind tunnel at Purdue University, while the sting and sting support
geometries were obtained from published papers [3,8,13]. The cone, sting, and sting support models were
developed, modeled, and meshed inside of Pointwise® software. The SolidWorks assembly was simplified
without changing overall geometry to assist with the quality of the computational surface mesh. This
simplification required mostly the joining of surfaces created in SolidWorks and changing connection
points so that larger databases (faces of the model) could be formed within Pointwise.
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Figure 15 Solidworks Model of BAM6QT

Given that the BAM6QT is mostly axisymmetric, a single curve representing the variation of the
radius with the axial direction was extracted and exported as a CSV file. This CSV file was then imported
back into Pointwise and then rotated 360 degrees to form an alternate solid model that represented the
BAM6QT. However, this version led to some issues in the throat region and was discarded in favor of the
original model provided by Purdue University.

Pointwise®
Pointwise meshing software was used to create both unstructured surface and volume meshes for
the BAM6QT simplified SolidWorks assembly. The three main cone configurations that were used included
the cone by itself, cone and constant diameter sting (C.D.S), and cone, sting, and alternating diameter sting
support (A.D.S). Table 1 shows all the distinct types of meshes that were created from the BAM6QT
geometry to determine what parameters would cause the BAM6QT to unstart.
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Table 1: Meshes generated for use with Cart3D, FUN3D, or Both

Mesh #

Geometry

Inviscid/Laminar/
Turbulent

Full/Quarter

Source
included

Point Count
(millions)

1

Empty tunnel

Laminar

Full

No

12

2
3
4
5

Empty tunnel
5” dia. cone
5” dia. cone
5” dia. cone with test
section extension
5” dia. cone
5” dia. cone
5.5” dia. cone
5.5” dia. cone
5” dia. CDS
5” dia. CDS
5.5” dia. CDS
5.5” dia. CDS
5” dia. ADS
5” dia. ADS
5.5” dia. ADS
5.5” dia. ADS
Throat and driven
section only with 5” dia.
cone
Unsteady 4” dia. cone
Unsteady 5” dia. cone
Unsteady 5.5” dia. cone
6” dia. cone
7” dia. cone

Turbulent
Laminar
Laminar
Laminar

Full
Full
Full
Quarter

No
No
Yes
No

12
19.3
33
14.8

Inviscid
Laminar
Inviscid
Laminar
Inviscid
Laminar
Inviscid
Laminar
Inviscid
Laminar
Inviscid
Laminar
Turbulent

Quarter
Quarter
Quarter
Quarter
Quarter
Quarter
Quarter
Quarter
Quarter
Quarter
Quarter
Quarter
Quarter

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

8.4
14
8.6
23
8.5
16
8.9
26
8.6
19
8.8
26.8
13

Laminar
Laminar
Laminar
Laminar
Laminar

Quarter
Quarter
Quarter
Quarter
Quarter

Yes
Yes
Yes
Yes
Yes

12
14
14.76
21
23

6
7
8
9
10
11
12
13
14
15
16
17
18

19
20
21
22
23

The meshes for the laminar and turbulent conditions included prismatic and hexahedral cells in the
boundary layer to support the resolution of the strong gradients that appear in the wall-normal direction in
the boundary layer. The anisotropic cells are formed on the walls of the geometry in a viscous mesh and
grow in the wall-normal direction until isotropy is reached. Isotropy is defined as the ratio of a cell's width
to height being equal to one. The green cells in Figure 16 show the viscous boundary layer that was created
using prismatic and hexahedral cells while the red cells are comprised of tetrahedra.
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Figure 16 Prismatic and Hexahedral Cells in the Boundary Layer

Viscous meshes with cones of various base diameters (5”, 5.5”, 6”, and 7”) were created using
Pointwise. Four of the main mesh setups can be seen in Figures 17 - 20 that show cone only, C.D.S, A.D.S,
and throat and outlet section only. An increase in the number of points in a mesh leads to an increase in the
time required to obtain a converged solution. If the BAM6QT was not starting due to non-viscous effects,
then an inviscid simulation would suffice. This would take less time and be computationally less expensive.
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Figure 17 Cone Setup Mesh ID 7

Figure 18 Cone and Sting Setup Mesh ID 11

Figure 19 Cone, Sting, and Sting Support Setup Mesh ID 15

Figure 20 Throat and Outlet only Mesh ID 18

Due to the axisymmetric design of the BAM6QT and the axisymmetric nature of the flow occurring
over the cone, the overall domain mesh was reduced from the full 360 degrees to a quarter of that, i.e., a
90-degree slice was used. This allowed for more computational points to be placed in areas of interest to
capture the relevant flow characteristics. These areas included the throat, boundary layer, cone sting, cone
support, and cone tip. These areas are points of interest because it is known from Gas Dynamics theory that
this is where fluid and shock interaction will occur.
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Once the geometry was processed and meshes (surface or volume) generated in Pointwise, the
meshes were exported in appropriate formats for either Cart3D or FUN3D. Cart3D and FUN3D were the
two flow solvers used in this study and they are described in a later section.
An initial simulation was run using FUN3D to verify that going from a full model to a quarter
model would not change any flow characteristics within the BAM6QT. It was determined from simulation
results that there was no change in flow setup when going from a full mesh to a quarter mesh. This
simplification allowed for the full mesh that was originally 33 million points to be reduced to 14 million
points while improving the point distribution in areas of interest this can be seen in Figures 21 - 23. This
was accomplished using the “Sources” feature in Pointwise. Specification of sources allows for clustering
of points in the volume mesh using a variety of shapes (cylinder, cone, cuboid, etc.). Sources in the
BAM6QT created a clustering of points in the volume around the cone in the test section. Figures 21 and
22 show the effects of adding computational sources, while Table 1 shows the reduction of points when
going from a full model to a quarter model. It can be seen from Figure 23 that both the quarter and full
mesh with the source picks up the high Mach number region behind the cone, whereas the full mesh without
the source does not. Additionally, the details of the wake behind the cone are significantly different between
the cases with the refined mesh exhibiting a wider area of lower Mach number compared to the unrefined
mesh. Differences are also visible in the region where the shock from the apex of the cone intersects with
the tunnel walls.
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Figure 21 Mesh Without Source Mesh ID 6

Figure 22 Mesh With Source Mesh ID 7

30

Figure 23 Solution on a plane of symmetry obtained using meshes with and without sources

Cart3D
Cart3D is an inviscid Cartesian solver that was developed at NASA Ames for fast aerodynamic
analysis purposes. It requires a surface mesh of only 2D surface element triangles (no quads) on a closed
model. A model's grid is exported from the meshing software, Pointwise, as a TRI file. This is used by
Cubes, a utility available within the Cart3D distribution, to generate a Cartesian volume mesh. Best results
for meshing come when the mesh being imported from meshing software is as fine as possible allowing for
many computational points to be created. The finer the surface mesh and the higher the refinement level
selected within the pre_Spec block the finer the volume mesh that will be created within the Cart3D
simulation. After the volume mesh is created, different meshing characteristics such as type of flow, angle
point distribution, 2D slices in a 3D volume mesh, and the total number of refinements to a volume mesh
are then created using FlowCart. FlowCart command allows for user desired properties such as internal
flow to be specified so that correct simulation can be set up. Cart3D also runs a user implemented volume
refinement in the pre_Spec command that allows for areas of interest that are determined through x, y, and
z coordinates of the mesh and the blocked areas title to have more points added in the volume to capture
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flow characteristics. In the case of the BAM6QT tighter spacing was placed at the throat and around the
cone assembly. The tighter spacing in the throat can be seen in Figure 24 below.

Figure 24 Cart3D Refinement Using pre_Spec

Figure 25 shows the BAM6QT volume mesh that was created using the CUBES and FlowCart
functions in Cart3D. The final mesh contained 2,093,849 cells. Due to the commonly agreed small nature
of this mesh, HPC clusters are not needed to run Cart3D simulations, but instead can be run on the user's
local machine. This is beneficial to the user because a user’s local machine is not a shared resource, meaning
no time is lost in HPC queues waiting for core space to become available.
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Figure 25 Volume Mesh Produced Using Cubes and FlowCart Within Cart3D

Cart3D, unlike many flow solvers, does not solve the Navier stoke equations but instead solves the
Euler equations by using a robust Runge Kutta method with a CFL of 0.8 and a Van Leer flux function and
limiter making it a much faster solver. Faster time to a solution means that more simulations of different
setups of the BAM6QT could occur making Cart3D an ideal choice for simulation. Another quality of the
Cart3D software is that it allows for mesh adaptation, i.e., point clustering to occur when reactions such as
shockwaves occur. This allows for the user to verify that the area of interest in the pre_Spec file was placed
in the correct location as well as lets refinement occur where the action is occurring automatically and does
not require user input, thus helping remove some of the potential for human error. The aero.csh file that is
provided by Cart3D software is the file that assists with desired adaptive meshing. In the case of the
BAM6QT, this would be beneficial when determining shockwave placement, shock reflection, and shock
and boundary layer interaction. Cart3D outputs solutions in the form of a “dat” file that can be read into
Tecplot for post-processing. Tecplot allows for observations of both 2D and 3D views of the “dat” output
file as well as primitive variables such as pressure, density, velocity vector components, and temperature.
Other values such as speed of sound, coefficient of pressure, and Mach number equations can be added to
the TecPlot file.
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Boundary Conditions
In Cart3D, boundary conditions are chosen and implemented within the input.cntl file. The
BAM6QT Cart3D simulation required only two boundary conditions, the inlet, and the outlet, because of
the fast-solving time the entire geometry can be run thus removing the need for symmetry planes. Secondly,
in Cart3D, the surface mesh is considered an inviscid wall unless otherwise specified meaning none of the
walls need to be denoted explicitly. As stated in the introduction, the BAM6QT is a higher to lower pressure
system that relies on pressure and area change, meaning driver, throat, driven section affects all other
properties such as temperature and velocity. The inlet boundary condition that was selected was the
PowerStagBC that requires the static pressure to stagnation pressure ratio and similarly the static
temperature to stagnation temperature ratio to be defined in the input file. It was realized from the first runs
that the final desired pressure ratio could not be initially specified because this caused incorrect flow
characteristics in the throat that caused the simulation to fail, but instead the pressure ratio needed to be
increased in increments. The pressure ratio increment was done using an automated batch script that ran
each pressure ratio increment 1000 steps to set up the flow and then created a restart file and appended the
input file to the next highest-pressure ratio, saved the current solution file with a y=0 cut in another set of
directories and then restarted the solution for the next highest-pressure ratio for another 1000 steps. This
process continued until the pressure ratio (non-dimensional) was increased to 120 which was determined
by the desired Mach number in the test section. The temperature ratio was initially selected as the desired
temperature ratio and held constant throughout the entire simulation. The second boundary condition that
was used in the Cart3D input file was the surface boundary condition that required defining the flow
characteristics on the outlet boundary. The values that had importance in this boundary condition were
setting the low-pressure ratio to simulate the vacuum tank and setting the direction of the velocity to be in
the x-direction only. This is because the flow moving in the x-direction is orders of magnitude larger than
the flow moving in the y or z-direction at the outlet.
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The combination of the boundary conditions, automated batch script, and Cart3D commands
allowed for computational internal flow to be produced inside the BAM6QT as seen in Figure 26. The batch
script, pre_Spec file, input files, cubes, and FlowCart setups are located within Appendix A.

Figure 26 Post Processing of BAM6QT at Step 2000 Using Tecplot and Simulation Using Cart3D

FUN3D
FUN3D stands for Fully Unstructured Navier-Stokes in 3 Dimensions and was developed at NASA
Langley. FUN3D requires a computational mesh to be created in meshing software before simulations can
be started. In this work, this is accomplished using Pointwise. Boundary conditions for the various surfaces
are chosen within Pointwise. A CAE export is then initiated resulting in a UGRID (contains coordinates,
surface, and volume connectivity, and identifying tags for various boundaries), and a mapbc (contains a
mapping between boundaries and boundary conditions) file. The input files for FUN3D use Fortran
namelists and carry an NML extension. A case name is used to identify the appropriate grid and boundary
condition files that will be used to simulate a specific case. FUN3D can be run either from a command line
(for small cases) or through a job submission script (for larger cases). All post-processing for FUN3D
simulations was completed using Fieldview, a scientific visualization software. Fieldview files are written
as output files from FUN3D and contain information regarding various variables such as pressure, density,
temperature, velocity, etc. Additional variables such as Mach number and the coefficient of pressure can
be either output from FUN3D or calculated using FieldView’s calculator functionality.
35

Compared to the small size of the Cart3D created meshes, the FUN3D meshes that were created in
Pointwise are much larger as seen in Table 2 below. Other meshes were also run based on the specifics of
the problem such as the size of the cone, A.D.S or C.D.S, Steady or Unsteady, viscous, or inviscid.

Table 2: Comparison of Point Count between Inviscid and Viscous Meshes

Pointwise Mesh (Viscous,

Point Count (million)

Cart3D Mesh

Point Count (million)

12

Cart3D

2

Laminar, Steady State)

FUN3D

The FUN3D mesh that was used for simulation is an unstructured volume mesh and unlike Cart3D
does not have adaptation mesh features. Instead, areas of interest that require a high point count must use
sources or other means to better define the computational region. Due to the larger amount of mesh points
HPC clusters need to be used to run the BAM6QT FUN3D Simulations. Table 3 below shows the CPU and
GPU information that was used for these runs. The difference between the GPU that is installed in Firefly
versus Lookout is that Firefly’s GPU is a 32 GB Nvidia V100 while Lookout’s is a 16 GB Nvidia V100.
The memory available on the GPU must be considered with mesh size, and the FUN3D manual
recommends using 200,000 points per GB of GPU memory.
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Table 3: HPC Clusters used in simulations

Cluster

Number of Computational

CPU Cores per

GPUs per node

Computational Time per

Name

Nodes

Node

Epyc

16

128

0

20,000 Steps 24 hours

Firefly

4

80

4

40,000 Steps 24 hours

Lookout

4

40

4

30,000 Steps in 24 hours

Simulation

FUN3D can carry out inviscid or viscous simulations. Additionally, depending on the type of
problem being simulated, it can provide a steady solution or a time-accurate, unsteady solution.
Additionally, all turbulent simulations solved the Reynolds-Averaged Navier-Stokes (RANS) equations
together with a loosely coupled one- or two-equation turbulence model. Depending on the flow physics,
simulations using the Detached Eddy Simulation (DES) approach are also possible. FUN3D was used to
run many different simulations on the BAM6QT including inviscid, viscous (laminar or turbulent including
varied turbulent models), and transient (unsteady) solutions. Also, FUN3D is compatible with GPUs which
were used to increase the rate at which simulations on the BAM6QT were completed as discussed in the
introduction.
Pre-result simulations were run to determine that solutions did not differ when running between
CPU and GPU which is shown in Figure 27 below. As can be seen, there is no major difference between
running the solution using GPU with LDFSS fluxes and tangency boundary conditions when compared to
the CPU run with ALDSS fluxes and Z symmetry boundary conditions.
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Figure 27 Comparison Between CPU and GPU Simulations

The reason for the differences in the flux options and the boundary conditions is that not all options
supported by the CPU version of FUN3D are supported in the GPU version. Therefore, only compatible
options between CPU and GPU were used for the simulations as this allowed for switching simulations
from GPU to CPU clusters and vice versa depending on the availability of resources. Specifically, the
LDFSS flux option was used instead of the ALDFSS flux option, in addition to the “hvanleer” limiter, a
heuristic-based pressure limiter. Additionally, all variants of the Spalart-Allmaras one-equation turbulence
model are supported on the GPU and that was chosen as the primary turbulence model for all simulations.

Most of the FUN3D simulations were run as steady-state and laminar with a CFL number of 10
due to the experimental data received from Purdue University corresponding to quiet flow conditions.
However, unsteady, turbulent, and inviscid cases were also run to verify both experimental data validation
and to observe any changes to the solution, i.e., did the change in simulation cause the BAM6QT to unstart.
For unsteady cases, additions needed to be included in the .nml file to support the simulations. A bounding
box that sets the x, y, and z locations of the box and specifies the density, velocity and speed of sound is
needed to be included for an unsteady run. Also, because the simulation was transient in nature, adequate
time step size and Newton iterations needed to be used to ensure the time accuracy of the resulting
simulations. Table 4 below summarizes the options used for the unsteady simulations.
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Table 4: Shows setup that was used for Unsteady Runs within FUN3D

Time Accuracy

Time Step

Newton Steps

CFL

2nd order

10-2

5

10

The throat and outlet only case also required modifications to the FUN3D input and boundary
conditions file due to the changing of flow set up i.e., the tunnel was set at a supersonic condition from the
start due to throat flow being defined in full from the initial setup.

Boundary Conditions
Figure 28 shows the BAM6QT with various surfaces highlighted in different colors. These colors
correspond to boundary conditions and are described below:
Blue: Z symmetry plane or Tangency in the case of GPU runs
Red: Y symmetry plane
Far-left (Green): Inlet
Far-right: Outlet
All other surfaces were specified as a wall boundary condition type (either viscous or tangency) depending
on the type of simulation.
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Figure 28 Highlighted Boundary Conditions that were selected through Pointwise for FUN3D

It is important to note that the GPU simulations for FUN3D were used to expedite the solution
process as defined earlier in the introduction. FUN3D GPU run simulations do not support the use of the Z
symmetry plane boundary condition and instead, the tangency (inviscid wall) boundary condition was used.
The difference between the two boundary conditions is that tangency walls allow for gradients of variables
such as velocity, to be non-zero in a direction normal to the wall while the symmetry planes do not.
BAM6QT simulations with the two boundary conditions were run and compared to verify that the change
in the boundary condition did not change the solution. It was determined that using the tangency condition
was an acceptable substitute for the Z symmetry plane condition.
Boundary conditions for FUN3D are selected before exporting the volume mesh from Pointwise.
When exporting volume mesh one of the two files that are created is the “mapbc” file. The mapbc file
consists of a header identifying the number of boundary surfaces followed by a boundary surface
identification along with a number that identifies the specific boundary condition to be applied to that
surface. In the case of the BAM6QT simulation, the boundaries were a wall, y symmetry plane, z symmetry
plane, inlet, and outlet. Any additional information required by these boundary conditions is provided
within the FUN3D namelist input file. Depending on the simulation, walls are either set to viscous or
inviscid boundary conditions to create or deter a fluid boundary layer, respectively. In a viscous solution
fluid boundary layer is formed by friction forces causing the flow to slow in the vicinity of the wall and
come to rest at the wall surface itself (no-slip boundary condition). For viscous simulations, the walls are
set to adiabatic conditions, meaning there is no heat flux through the walls. Zero heat flux refers to heat not
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being transferred across the walls’ surface meaning that the energy set within the tunnel is not lost to the
atmosphere. The inlet boundary condition for the FUN3D simulation was a subsonic inflow condition and
required the specification of the ratio of total pressure to free stream pressure and the ratio of total
temperature to free stream temperature. Like the Cart3D simulations, the pressure ratio could not be
explicitly set to 120 (determined by the desired Mach number in the test section) but instead needed to be
increased gradually. Two separate scripts were created to automate the changing of the value of the pressure
ratio. The CPU version used Python code which allowed the pressure ratio to be increased at a set rate until
the desired value of 120 was reached. The CPU version was able to take the increments on the fly, i.e., the
pressure ratio was changed dynamically without having to stop and restart the simulation. The GPU version,
on the other hand, was not compatible with the Python driver, so a different script (bash script using sed)
that required stopping and restarting the simulation was used to increment the pressure ratio. Both scripts
increased the pressure ratio every 1000 steps and followed the same step changes. The simulations were
started at a pressure ratio of 2 and required 18,000 steps in the HPC Lookouts case and 25,000 steps in the
HPC Firefly case to reach the desired value. The desired temperature ratio was prescribed at the beginning
of the simulation and held constant throughout the entire process. The outlet boundary condition required
the specification of a static pressure to free stream pressure ratio and was held constant throughout the
simulation. The purpose of the two-pressure ratio setups at the inlet and outlet was to create a high pressure
to lower pressure system that would direct the flow from the inlet to outlet, while the change in area from
inlet to throat and throat to outlet caused a change in velocity to occur. Figure 29 below shows the
verification study that was run initially to verify that the simulation parameters were producing the desired
results. Values of a Mach number set for a turbulent simulation (noisy flow conditions) reached 5.8 while
a value of 6.0 was reached for laminar flow within the BAM6QT (quiet tunnel conditions) with a Reynolds
Number value of 8.2x106/m. These values were in line with the expected numbers provided by Purdue
University.
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Figure 29 Comparison Between Computational solutions for Laminar and Turbulent Solutions for the BAM6QT

Figure 29 shows that proper simulation conditions were set with the current input because
computational Simulation closely followed the expected values observed in experiments. The increase in
the boundary layer thickness in the turbulent simulation compared to the laminar one is obvious and the
resulting decrease in the available area restricts the Mach number achieved under turbulent (noisy) flow
conditions. After the input file was set, new geometries i.e., different sized cones could be placed inside
the BAMQT test section to observe the effects of cone placement.
To further reduce the point count of the meshes, a mesh consisting of only the section downstream
of the throat was generated. This necessitated the specification of different boundary conditions. Instead of
pressure and temperature ratios being used to define the inlet boundary conditions, a boundary condition
that specified density, all three velocity components, and pressure was selected. In the case of the throat
and outlet only simulation, this boundary condition could be used because the location where the inflow
was defined, the flow speed was sonic meaning that all properties could be specified at the inlet. This
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specification also ignored the presence of any boundary layer at the throat, and this was justified for laminar
simulations because the BAM6QT achieved quiet (laminar) flow by suctioning the boundary layer at the
throat. The results for a laminar simulation (with a 5” cone in the test section) are shown in Figure 30. As
can be seen from the figure, the desired Mach number is achieved.

Figure 30 Computational Simulation for Throat and Outlet only Mesh ID 18

The batch script, Python script, example mapbc, and example FUN3D input file used for the
simulations using FUN3D are located within Appendix B.
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Chapter 4
RESULTS AND DISCUSSION

The results presented in this chapter cover both viscous and inviscid solutions that were obtained
for various diameter cones in the BAM6QT. These results take the form of contour and line plots of Mach
number and pressure. The success or failure of a BAM6QT simulation is determined by two results: (1) the
Mach number in the test section at the apex of the 7-degree half-angle cone reaches the desired Mach
number based on problem setup, and (2) if the boundary layer does not cause shock interaction to occur on
the surface of the cone in the BAM6QT’s test section when different diameters and flow setups are
simulated. From talking to researchers at Purdue University, it was believed that a 5-inch diameter cone
would start but a 5.5-inch diameter would not start in its current configuration .
In the results presented here, the line plots are extracted from a line made up of 20 uniform points
that spans from 2.5 m < X < 3.6 m at a constant Z of 0.08 m along the symmetry plane (Y = 0.0 m). A
representation of the line is shown in Figure 31. This location was selected because it does not intersect the
cone for the 5.5-inch diameter cone but passes close enough to capture any reflections onto the cone surface
itself. It should be noted that the peak values between the Mach number contours, and the graphs differ
slightly as higher Mach number values occur near the apex of the cone and is captured by the contour,
whereas the line plots pass through the upper edge of the BAM6QT test section where the Mach number is
lower.
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Figure 31 Uniform points from X=2.5-3.6 Y=0 and Z =.08

Viscous Solutions
Viscous solutions were run solely in the FUN3D flow solver because Cart3D is an inviscid flow
solver. Viscous effects (no-slip walls) produce a boundary layer due to the slowing of the velocity near the
wall and the resulting gradients are resolved using viscous meshes that have a good resolution in the wallnormal direction with a non-dimensional spacing off the wall (also called y+) of less than unity. Due to the
increase in the boundary layer thickness as the flow goes down the tunnel, the available area for the flow is
reduced and this results in a reduced Mach number in the test section. In the case where inviscid solutions
are obtained, there is no boundary layer and the resulting Mach numbers are greater than those obtained
from viscous flow simulations. Figure 32 shows the growth in the thickness of the boundary layer on the
walls of the wind tunnel for a laminar simulation of the BAM6QT containing a 5” diameter cone. Also
shown in the figure 32 is the shock that is formed at the apex of the cone and the resulting shock and
boundary layer interaction that occurs on the walls of the tunnel. This interaction results in a thickening of
the boundary layer in addition to the shock being reflected. The flow over the cone is not affected by this
interaction as all of it takes place downstream of the end of the cone.
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Figure 32 Boundary Layer Formation on the Wall of Tunnel and Cone

FUN3D
Figure 33 compares the Mach number distribution for a 5, 6, and 7-inch diameter cone within the
test section of the tunnel at a non-dimensional pressure ratio of 120. It can be observed from the figure that
all three diameter cones meet the Mach 6 requirement at the apex of the cone. In the case of the 6-inch and
7-inch diameter cones, the available area for the flow decreases, and this results in shock reflections that
impact the surface of the cone. It can be seen from the figure that the location of the reflected shock moves
upstream (towards the nozzle) as the diameter of the cone is increased. Even though the desired Mach
number was achieved at the tip of the cone, the tunnel is considered unstarted for both the 6- and 7-inch
diameter cones because of the shock impingement on the surface of the cone. This finding is consistent
with the experimentally-observed unstart behavior of cones with a base diameter greater than 5 inches.
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Figure 33 5,6, and 7-Inch Diameter Cone Comparison

The main objective of this study was to determine whether the computational simulations could
capture the unstart behavior of the BAM6QT and thus far, the simulations have been successful in
predicting unstart for large diameter cones. The next test case considered involved the 5.5”-inch base
diameter cone as this was shown to cause an unstart in the BAM6QT. The results of the case are shown in
Figure 34.
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Figure 34 Mach Number distribution for a 5.5" cone

As can be seen from the figure, there is a shock reflection that takes place from the walls of the
BAM6QT, but it does not impact the surface of the cone. Also, the two criteria that are being used to
evaluate whether the tunnel is considered started or not are satisfied. The Mach number at the tip of the
cone does reach the value of 6 and there are no shock impingements onto the surface of the cone. This result
is clearly not in agreement with the observed experimental behavior as the 5.5-inch cone consistently fails
to start in the BAM6QT. One possible reason for this discrepancy is that the computational model is perfect
while the experimental model can have imperfections that could trigger an unstart. Ideally, a computational
mesh could have been built that incorporated some imperfections into the surface of the cone, but that was
not feasible within the time frame of this research. Consequently, flow solver settings were changed to see
if they would result in an unstart. Given that the BAM6QT is a Ludwieg tube, and the passage of the
expansion fan causes the high-speed flow, it was hypothesized that an unsteady simulation that captured
the transient behavior would be a better approximation of the start-up of the BAM6QT. Based on this
hypothesis, transient runs were carried out for 4-, 5-, and 5.5-inch diameter cones utilizing the parameters
specified in Table 4. Unfortunately, all three cases did not exhibit unstart behavior. While the 4- and 5-inch
diameter cones behaved as expected the inability to get the 5.5-inch diameter cone to unstart was perplexing.
A representative solution for the 5.5-inch cone is shown in Figure 35 with similar behavior for the 4- and
5-inch diameter cones.
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Figure 35 Unsteady case 5.5-Inch Diameter Cone

Throat and Test section
The next set of meshes that were generated included only the section of the wind tunnel that was
downstream of the throat. This was done to reduce the overall point count while increasing the resolution
about the cone. For these meshes, the boundary condition at the inlet was changed so that the flow was set
to supersonic conditions by specifying pressure, velocity, and density at the new inlet (located at the throat).
To specify these quantities, a simulation of the full tunnel was run and Fieldview was used to extract an
averaged state at the throat of the BAM6QT where the Mach number reached the sonic condition. It was
imperative that sonic conditions be achieved at the inlet as it ensured that the flow was supersonic and thus
allowed the specification of all variables, i.e., density, pressure, and velocity. Figure 36 shows the results
of the simulation in a throat and test section only setup.
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Figure 36 Throat and Outlet only Simulation with 5-inch Diameter Cone

Figure 36 shows that setting the conditions at the throat and carrying out a simulation of the
diverging section of the BAM6QT with a 5-inch cone produced identical results to running the entire tunnel.
Similar results were obtained for the 5.5-inch cone, thus continuing the search for the expected unstart
behavior.

Sting and Sting Support
In reviewing the papers related to the development of the BAM6QT, it was noted that the shape
and structure of the sting and sting support were modified significantly so that quiet flow conditions were
achieved. It was postulated that the presence of the sting and its support could play a part in the tunnel not
starting. To test this theory, sting and sting support information including dimensions and location were
taken from a Purdue University thesis by Hannon and BAM6QT researchers [3] and incorporated into the
solid model being utilized by Pointwise to generate meshes. Two models were created within Pointwise to
determine the effects of sting and sting support. The first model was the cone with a constant diameter sting
(CDS) and the second model was the cone with the sting and the sting support, alternating diameter sting
(ADS). Coupled with the baseline model that had only the cone, three different configurations were tested.
The first set of results shown in Figure 37 is for the 5.5-inch diameter cone. It shows the Mach
number contours on a plane of symmetry for the baseline cone, cone with CDS, and cone with ADS. As
can be seen from the figure, the Mach number at the apex of the cone is right around 6, thus satisfying the
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first criterion to determine if the tunnel has started or not. A closer look at the figure reveals that the second
criterion is not satisfied for both the CDS and ADS cases as the shock reflections impinge on the cone
surface. This was both an unexpected and interesting result because, in purely supersonic flow, disturbances
cannot travel upstream, and the changes that were made to the model were downstream of the cone.
However, the observed behavior in the computational simulations matched the experimental behavior and
the 5.5-inch cone with the CDS and ADS can be considered to not start in the BAM6QT.

Figure 37 5.5-Inch Diameter Cone, C.D.S, and A.D.S Comparison

To ensure that the presence of the sting and sting support did not adversely affect the 5-inch cones,
models with the 5-inch diameter cone were created, meshed, and tested with all three setups, i.e., baseline
cone, cone, with CDS, and cone with ADS and the results are shown in Figure 38. As can be seen from the
figure, the shock reflections in all three cases do not impinge on the cone surface and the Mach number at
the apex of the cone is nearly 6. It can thus be concluded that the presence of the sting and the sting support
does not adversely affect the flow over the 5-inch diameter cone and agrees with the experimentally
observed behavior.
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Figure 38 5-Inch Diameter Cone, C.D.S, and A.D.S Comparison

Further interrogation of the results obtained for the 5- and 5.5-inch cones are presented in Figure
39 which shows a line plot of Mach number and pressure along a line with Z = 0.08 m for the CDS case. It
can be observed that, at the point of impingement in the 5.5-inch diameter case, there is a spike in pressure
value and a large decrease in Mach number compared to the 5-inch diameter case where the shock clears
the cone. It is also observed that the Mach number after the shock matches well with theoretical values
obtained from the conical flow solver [16] and presented for a range of incoming Mach numbers in Table
5. Table 5 also provides the static pressure ratio across the shock and shock angle.
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Table 5: Mach Number before and after Shock, Pressure Ratio, and Shock Angle [16]

Mach Number Before
Shock

Mach Number After
Shock

Static Pressure Ratio
Across Shock

Shock Angle (degrees)

5.6
5.7
5.8
5.9
6
6.1
6.2

4.272
4.327
4.38
4.43
4.48
4.54
4.59

3.48
3.58
3.66
3.76
3.86
3.96
4.07

18.42
18.33
18.21
18.12
18.05
17.97
17.90
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0.14
0.12
0.1
0.08
0.06
0.04
0.02
0

6
5.6
5.4
5.2

Mach

5.8

5

X

3.6

3.5421

3.48421

3.42632

3.36842

3.31053

3.25263

3.19474

3.13684

3.07895

3.02105

2.96316

2.90526

2.84737

2.78947

2.73158

2.67368

2.61579

2.55789

4.8

2.5

Pressure

Mach and Pressure VS X 5D CDS

Pressure

Mach

Figure 39 Mach and Pressure distribution along Z = 0.08 m for the 5- and 5.5-inch Diameter C.D.S cases

By including the sting and sting support, the observed experimental behavior of the starting of the
BAM6QT for the 5- and 5.5-inch diameter cones was reproduced. The next question that was considered
was whether this behavior can be reproduced using inviscid simulations. The reason for this exploration
was that an inviscid simulation is significantly cheaper compared to a viscous simulation both in terms of
the number of points required as well as the time to solve.
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To determine if the sting and sting support setups unstarted the BAM6QT because of area changes
alone (an inviscid phenomenon) or if the growth of the boundary layer coupled with the area changes had
a role to play in the unstart behavior, Pointwise, FUN3D, Cart3D, and Fieldview were used to mesh,
simulate, and analyze the six setups specified above but as inviscid simulations.

Inviscid Solution
Inviscid solutions were run in both Cart3D and FUN3D flow solvers for robustness and verification
purposes. As stated above, inviscid solutions are ideal since they are fast running because they have low
computational point count and do not solve the Navier Stokes equations unlike viscous solutions (see Table
2). The results from both solvers will be discussed below.

Cart3D
Figure 40 shows the Cart3D solution at 40000 steps with a desired non-dimensional pressure ratio
of 120 at the inlet for the empty tunnel. In the case of Cart3D, nondimensional velocity vector component
U was used to estimate the Mach number. Mach number comparison could not be calculated directly due
to a recirculation area occurring at the upper and lower edges of the test section where density values
transitioned undesirably from positive to negative values making the equation for Mach number undefined
(see equations 2 and 3). A zoomed-in image of Figure 40 is shown below in Figure 41.
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Figure 40 Cart3D Simulation Solution

Figure 41 Cart3D Simulation Solution Zoomed in

Much troubleshooting was conducted to try and remedy the recirculation area but to no avail. After
much effort, it was determined that Cart3D could not be used in its current setup to model the BAM6QT.
Two possible reasonings for why Cart3D was not performing as desired was because Cart3D is not
commonly used for internal flow problems, thus the experience with internal flow problems is limited.
Secondly, more points needed to be placed on the triangulated surface mesh before exporting to Cart3D
solver. The issue with the second solution is that the benefit of an inviscid solution is low point count, if
more points are going to be added to resolve the boundary, then that benefit is lessened significantly.
Another approach to try would have been using a geometry that included only the supersonic section
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downstream of the throat, but that was not attempted in this research. Because of the undesired behavior
that was obtained for the empty tunnel, no further runs were made using Cart3D.

FUN3D
Initially, the mesh that was used for the viscous runs was used for the inviscid simulation too by
just changing the boundary conditions and flow solver settings. It was discovered that the viscous mesh had
undesired effects on the flow within the BAM6QT when running inviscid simulations. This was because of
the presence of tightly-packed boundary layer meshes that were in place to resolve the strong gradients near
the wall. In inviscid flow, these strong gradients do not exist, and using a mesh with that type of packing
results in instabilities. To remedy this issue, a new inviscid mesh was built, in Pointwise, that removed all
prismatic and hexahedral cells in the boundary layer. The mesh was then exported to FUN3D, and the input
file was changed to accommodate an inviscid setup. FUN3D was used instead of CART3D since
recirculation zones had not formed in the test section using FUN3D as it did for Cart3D. Simulations were
run in the same manner as the viscous solution discussed above, with the various cone setups simulated
using a batch script on GPUs. Running simulations with the same setup allowed for the determination of if
viscous effects mattered. The results for the inviscid runs for both the 5 and 5.5-inch diameter are shown in
Figures 42 and 43.
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Figure 42 5-Inch Diameter Inviscid Cone, C.D.S, and A.D.S Comparison

Figure 43 5.5-Inch Diameter Inviscid Cone, C.D.S, and A.D.S Comparison

In both Figures 42 and 43, the maximum Mach number in the tunnel at the apex of the cone is
observed to be 6.2, which is greater than the expected Mach number of 6. This is because the cases were
run inviscid which created solutions with no boundary layer growth within the wind tunnel. This in turn
allows for a greater area ratio for the flow to expand into, thus resulting in a higher Mach number. The
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figures show that the BAM6QT can be considered started with both the 5- and 5.5-inch diameter cones with
no evidence of shock reflections impinging onto the cone itself. This is very clear when comparing Figure
43 to Figure 37, where the differences are that the results in Figure 37 were obtained from a viscous
simulation while the results in Figure 43 were obtained from an inviscid simulation. In the viscous
simulations with C.D.S or A.D.S, there are reflected shockwaves that impinge on the surface of the cone,
while that is not the case for the inviscid simulations. This leads to the conclusion that the
thickening/formation of the boundary layer and associated shock-boundary layer interaction, are critical
and must be included when simulating the BAM6QT. A graphical representation of 5- and 5.5-inch
diameter A.D.S inviscid case and 5.5 viscous A.D.S case are shown in Figure 44. Comparing the three
figures, similarly as above in the case, where the BAM6QT unstarts, there is a much larger peak in pressure
on the surface of the cone, as well as a larger decrease in Mach number. The higher Mach number can also
be observed from Figures 42 - 44 for the inviscid cases. This also leads to a smaller change in pressure
across the shock at the apex of the cone as well as a shallower shock angle., similar to the theoretical results
in Table 5 [16]. Effects of decreasing shock angle were not examined in detail and continued research
should occur on the variance of the shock angle and its effect with respect to boundary layer interaction and
unstarting the BAM6QT.
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Mach and Pressure VS X 5D Inviscid A.D.S
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Figure 44 5- and 5.5-inch diameter A.D.S Inviscid cases compared to 5.5-inch Diameter A.D.S case
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The results presented here remove the ability to use solvers such as Cart3D from simulating tools
because it is an inviscid solver and will not cause a boundary layer to form. This finding also suggests that
if viscous effects could be limited i.e., suction off more of the boundary layer out at the throat which will
cause a smaller boundary layer in the test section or by reducing friction forces through changing material
or other smoothing techniques on the wall have the potential to allow cones placed in the BAM6QT to be
5.5-inch diameter or even larger to start. Larger cone sizes in the test section could lead to new models to
be measured within the BAM6QT.

Limitations
This study was successful in three major ways: (1) it determined that viscous effects are essential
and must be modeled within simulations for BAM6QT (2) it determined what size diameter cone with a 7degree half-angle can be placed inside the test section and the tunnel still performs correctly, and (3) that
the cone alone is not the cause of the tunnel unstarting but that the sting and sting support is essential to
properly modeling and simulating the flow within the BAM6QT. This study can be viewed as a blueprint
on how to set up, run, and observe the effects of placing different shapes, types, and sizes of geometries
within the BAM6QT. It must be understood that this study is specific to the BAM6QT geometry and that
results using different hypersonic wind tunnels may be different. This study also specifically focused on
the effect of a 7-degree half-angle cone, changing the half-angle of the cone will change shock properties
at the apex of the cone, thus changing the reflection shock that caused the tunnel to unstart. Furthermore,
changing the geometry from a cone to other geometric shapes will also change the test section’s flow
characteristics providing a separate set of results.
Further research on this topic should consider the limitations that were listed above i.e., changing
the cones half-angle, observing the effects, and being able to determine what half angles can be successfully
run within the BAM6QT. Secondly, generalizing this study to all hypersonic wind tunnels, since placing a
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cone in the test section of a hypersonic wind tunnel is widespread practice for an aerodynamicist. This
would be beneficial because this would allow the experiments in the BAM6QT to be governed so that cones
that would unstart the tunnel are not run, therefore saving time, resources, and money. Saving time,
resources and money improves efficiency and allows for more beneficial tests to be conducted.
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Chapter 5
CONCLUSION

It was determined what size diameter 7-degree half-angle cone could be placed inside the BAM6QT
and the tunnel still run correctly. This was understood by testing cones from 4 to 7-inches in diameter within
the BAM6QT and observing how the tunnel responded. It was clear from the first results that different
support setups needed to be modeled and simulated to observe how the changes in setup affected the
BAM6QT. This was completed by creating three main setups, just cone, cone and sting, and cone sting and
sting support. The results from the second set of tests showed that a 5.5-inch diameter cone within the
BAM6QT with the setups of sting and sting and sting support will cause the tunnel to unstart. Thirdly, from
understanding that the sting and sting and sting support influenced if the BAM6QT started correctly, it was
computationally explored if simulations of the BAM6QT must be viscous or if the point count could be
conserved by running inviscid cases that properly produced results of the BAM6QT. The results from the
third set of experiments showed that the simulation must be run considering viscous effects to properly
determine if the tunnel will start. Major reasons why viscous effects cause the tunnel to unstart were due to
the thickening of the boundary layer parallel to the wall being slowed by friction forces. This study should
be considered as a blueprint of determining if placing a geometry within a BAM6QT will cause the tunnel
to unstart. This study is not without limitations including specified BAM6QT, half-angle, and geometry.
Future work on this topic that should be considered is attempting to resolve the limitations that were listed
above i.e., changing the cones half-angle, and observing the effects with the final goal being able to
determine what degree half angles can be successfully run within the BAM6QT.
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Secondly, generalizing this study to all hypersonic wind tunnels since placing a cone in the test
section of a hypersonic wind tunnel is widespread practice for an aerodynamicist. This would be beneficial
because this would allow the experiments in the BAM6QT to be governed so that cones that would unstart
the tunnel are not run therefore saving time, resources, and money.
To accomplish the goals of removing limitations, future computational studies should be run to
create a database of cones varying in half angle, base diameter, and at different angles of attacks to
determine how changing the parameters alter what occurs within the BAM6QT’s test section. The altering
of the parameters will produce different shock intensity, boundary layer interaction, shock wave structure
and could possibly even cause the BAM6QT to unstart. This can be used with BAM6QT experimental
results at Purdue University to allow for a complete validated and verified computational database of cones.
Varying cones are not restricted to just the BAM6QT. If programming wrap arounds are available, then a
secondary optimization study could be performed so that the entire database of cones can be run with one
job submission, when placed in another computational model of a different wind tunnel. The program
could be set to output results such as max Mach number, boundary layer thickness, Mach at tip of cone,
and plots of pressure along the surface of the cone. This would allow the user to bound the parameter study
by determining with much less rigger which cones cause a wind tunnel to start and unstart.
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Input.cntl
$__Case_Information:
# ...Specify Free Stream Quantities
Mach 0.3 – free stream Mach number
alpha 0.00 # (double) – angle of attack
beta 0.0 # (double) – sideslip Angle
$__File_Name_Information:
MeshInfo Mesh.c3d.Info # Mesh meta information file (usually Mesh.c3d.Info)
MeshFile Mesh.mg.c3d # Mesh file (usually Mesh.c3d, Mesh.R.c3d, or Mesh.mg.c3d)
$__Solver_Control_Information:
# Runge-Kutta Stage Coefficients
# RK stageCoef GradEval (to run 1st order, set GradEval to 0 in all stages)
# ----------------------RK 0.0695 1 # typically use Van Leer’s 5-stage for general use (Mach {0.3-20})
RK 0.1602 0 # see AIAA 89-1933-CP
RK 0.2898 0 # good values of CFL are from 1.2-1.4 for this scheme
RK 0.5060 0 #
RK 1.0
0 # NOTE: GradEval = 0 = no new evaluation at this stage,
#
GradEval = 1 = Yes, re-evaluate at this stage
# INVOKING “ROBUST MODE”
#
To invoke “Robust Mode” set GradEval = 1 in all stages
#
this 68eynol about a 50% penalty in execution speed
# USE YOUR FAVORITE scheme and let us know what works best!
#
CFL
0.8 # CFL number
FluxFun
0 # (int) – Flux Function: for general use choose 0,
#
Options: 0 = Van Leer, 1 = Van Leer-Håanel, 2 = Colella 1998, 3 = HLLC
Limiter
2 # (int) – Limiter Type: for general use choose 2.
#
Options (in increasing dissipation):
#
0 = no Limiter
#
1 = Barth-Jespersen ‘89 (non-smooth)
#
2 = Van Leer (smooth)
#
3 = ‘Sin()’ limiter (smooth)
#
4 = Van Albada (smooth)
#
5 = MinMod (non-smooth)
wallBCtype 0 # Cut-Cell Bctype: 68eynold use choose 0,
# Options: 0 = Agglomerated Normals, 1 = Sub-Cell
maxCycles 150 # (int) total number of cycles to run (total includes previously run cycles if restarting)
nMGlev
3 # (int) – Number of Multi-Grid levels (1 = single grid)
MG_cycleType 2 # (int) – MultiGrid cycletype: 1 = “V-cycle”, 2 = “W-cycle”
MG_nPre
1 # (int) – no of pre-smoothing passes in multigrid
MG_nPost
1 # (int) – no of post-smoothing passes in multigrid
#
“sawtooth” cycle is: nPre = 1, nPost = 0
$__Boundary_Conditions:
# BCs on Far Field Cartesian faces, use “Dir_Lo_Hi” tag
# BC types: 0 = FAR FIELD
#
1 = SYMMETRY
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#
2 = INFLOW (specify all)
#
3 = OUTFLOW (simple extrap)
Dir_Lo_Hi 0 0 0 # (int) (0/1/2) direction (int) Low BC (int) Hi BC
Dir_Lo_Hi 1 0 0 # (int) (0/1/2) direction (int) Low BC (int) Hi BC
Dir_Lo_Hi 2 1 0 # (int) (0/1/2) direction (int) Low BC (int) Hi BC
#
# Inlet boundary condition (available only in the ATC distribution)
PowerStagBC 2 4 8.2 # compID p/pinf
# Exit is component ID 1
SurfBC 1 1 1 0 0 .001 # compID mach totalPress/pinf totalTemp/Tinf
$__Convergence_History_reporting:
iForce 1 # (int) – Report force information every iForce cycles to <forces.dat>
iHist 1 # (int) – Update ‘HistoryFile’ every iHist cycles <history.dat>
nOrders 6 # (int) – Num of orders of Magnitude reduction in residual
refArea 715. # (float) optional entry, uses this ref area if supplied for scaling forces.dat
$__Partition_Information:
nPart 4 # (int) – Number of SubDomains to partition into:
$__Post_Processing: # Pretty printed cutting planes
# general format
# Xslices (float) (float) ...(float) – any number of locations
# Yslices (float) (float) ...(float) – any number of locations
# Zslices (float) (float) ...(float) – any number of locations
#Xslices -.5 0.1 0.2 0.3
# X-stations for cutPlane extraction
#Zslices 0.001 .297 .653 .965 1.187 1.336 1.410 # Z-stations for cutPlane extraction
Yslices 0

69

preSpec
# +++++++++++++++++++++++++++++++++
# +
+
# + ++ cubes preSpecFile ++ +
# + created by ‘autoInputs’ +
# +
+
# +++++++++++++++++++++++++++++++++
# FORMAT:
#
# Bbox: level Xmin Xmax Ymin Ymax Zmin Zmax
#
(int) (float) (float) (float) (float) (float) (float)

$__Prespecified_Adaptation_Regions: # <-Section head (req’d)
Bbox: 7 -0.362 3.980 -2.171 2.171 -2.171 2.171 # Config Bbox
Bbox: 8 3.522 3.715 -0.097 0.097 -0.097 0.097 # Comp #0
Bbox: 8 -0.178 0.178 -0.178 0.178 -0.178 0.178 # Comp #1
Bbox: 8 0.362 3.256 -0.178 0.178 -0.178 0.178 # Comp #2
Bbox: 13 0.0 1.0
-.25 .25
-.25 .25
# inlet
Bbox: 13 1.0 1.08
-.25 .25
-.25 .25
# throat
Bbox: 13 1.08 3.65
-.25 .25
-.25 .25
#outlet
# +++++++++++++++++++++++++finis!++++++++++++++++++++++
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Pressure Script Cart3D
Written by: Alexander J Snyder
#!/bin/bash
#
flowCart -N 1000 -mg 3
cp cutPlanes.dat Cut_planes/1000_ts/
ln -s -r check.01000 Restart.file
sed -I ‘s/PowerStagBC 2 2 8.2/PowerStagBC 2 4 8.2/’ input.cntl
flowCart -N 2000 -mg 3 -restart
rm Restart.file
cp cutPlanes.dat Cut_planes/2000_ts/
ln -s -r check.02000 Restart.file
sed -I ‘s/PowerStagBC 2 4 8.2/PowerStagBC 2 5 8.2/’ input.cntl
flowCart -N 3000 -mg 3 -restart
rm Restart.file
cp cutPlanes.dat Cut_planes/3000_ts/
ln -s -r check.03000 Restart.file
sed -I ‘s/PowerStagBC 2 5 8.2/PowerStagBC 2 6 8.2/’ input.cntl
flowCart -N 4000 -mg 3 -restart
rm Restart.file
cp cutPlanes.dat Cut_planes/4000_ts/
ln -s -r check.04000 Restart.file
sed -I ‘s/PowerStagBC 2 6 8.2/PowerStagBC 2 8 8.2/’ input.cntl
flowCart -N 5000 -mg 3 -restart
rm Restart.file
cp cutPlanes.dat Cut_planes/5000_ts/
ln -s -r check.05000 Restart.file
sed -I ‘s/PowerStagBC 2 8 8.2/PowerStagBC 2 10 8.2/’ input.cntl
flowCart -N 6000 -mg 3 -restart
rm Restart.file
cp cutPlanes.dat Cut_planes/6000_ts/
ln -s -r check.06000 Restart.file
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sed -I ‘s/PowerStagBC 2 10 8.2/PowerStagBC 2 15 8.2/’ input.cntl
flowCart -N 7000 -mg 3 -restart
rm Restart.file
cp cutPlanes.dat Cut_planes/7000_ts/
ln -s -r check.07000 Restart.file
sed -I ‘s/PowerStagBC 2 15 8.2/PowerStagBC 2 20 8.2/’ input.cntl
flowCart -N 8000 -mg 3 -restart
rm Restart.file
cp cutPlanes.dat Cut_planes/8000_ts/
ln -s -r check.08000 Restart.file
sed -I ‘s/PowerStagBC 2 20 8.2 /PowerStagBC 2 25 8.2/’ input.cntl
flowCart -N 9000 -mg 3 -restart
rm Restart.file
cp cutPlanes.dat Cut_planes/9000_ts/
ln -s -r check.09000 Restart.file
sed -I ‘s/PowerStagBC 2 25 8.2/PowerStagBC 2 35 8.2/’ input.cntl
flowCart -N 10000 -mg 3 -restart
rm Restart.file
cp cutPlanes.dat Cut_planes/10000_ts/
ln -s -r check.10000 Restart.file
sed -I ‘s/PowerStagBC 2 35 8.2/PowerStagBC 2 45 8.2/’ input.cntl
flowCart -N 20000 -mg 3 -restart
rm Restart.file
cp cutPlanes.dat Cut_planes/20000_ts/
ln -s -r check.20000 Restart.file
sed -I ‘s/PowerStagBC 2 45 8.2/PowerStagBC 2 55 8.2/’ input.cntl
flowCart -N 40000 -mg 3 -restart
rm Restart.file
cp cutPlanes.dat Cut_planes/40000_ts/
ln -s -r check.40000 -mg 3 -restart
sed -I ‘s/PowerStagBC 2 55 8.2/PowerStagBC 2 75 8.2/’ input.cntl
flowCart -N 60000 -mg 3 –restart
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Aero.csh
#!/bin/csh -f
# $Id: aero.csh,v 1.73 2013/06/14 20:32:23 maftosmi Exp $
# AERO: Adjoint Error Optimization
# Script to drive adjoint-based mesh refinement
# M. Nemec, Marian.Nemec@nasa.gov
# Oct 2006, last update: April 2013
# Usage:
# -----# % ./aero.csh
#
# or optionally:
# % ./aero.csh restart
# use the restart flag to run more adaptation cycles, including
# abnormal exits due to machine crashes, etc.
#
# or optionally:
# % ./aero.csh jumpstart
# use the jumpstart flag to start from a given mesh. Put a Mesh.c3d.Info file
# and a Mesh file (Mesh.mg.c3d, Mesh.R.c3d, or Mesh.c3d) in the same directory
# as aero.csh (and other inputs) and the run will start from this mesh
# The script returns 0 on success and 1 if an error occurs
# Read tips, hints, and documentation in $CART3D/doc/adjoint
# Set user specified options below, defaults are suggested
# Important file names:
# Components.i.tri, input.c3d, input.cntl
# control thread affinity for linux
#setenv KMP_AFFINITY compact
# choose functional error tolerance
set etol = 1.0E-4
# max number of cells allowed in mesh
# if the new mesh exceeds this limit, the adaptation terminates
set max_nCells = 50000000
# number of adaptation cycles
set n_adapt_cycles = 3
# number of flowCart iters on initial mesh
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set it_fc = 150
# additional flowCart iters on each new mesh
# cycle
1 2 3 4 5 6 7 8 9 10 11 12
set ws_it = ( 100 100 100 100 100 100 100 100 100 100 100 100 )
# number of adjointCart iters
set it_ad = 150
# cfl number: usually ~1.1 but with power may be lower, i.e. 0.8
set cfl = 1.4
# minimum cfl number
# in case of convergence problems flowCart will try to run with cflmin
set cflmin = 0.2
# multigrid levels
# flowCart mg levels
set mg_fc = 3
# adjointCart mg levels (usually same as flowCart)
set mg_ad = 3
# Limiter: default 5, minmod, which is most robust. In practice, accuracy is
# much better with limiter 2 (van Leer) with still excellent robustness
set limiter = 2
# spanwise orientation (default null)
#set y_is_spanwise
set y_is_spanwise = -y_is_spanwise
# use file name preSpec.c3d.cntl for preSpec regions (either Bboxes or Xlevs
# for cubes or Aboxes for adapt) 0 = no (default), 1 = yes
set use_preSpec = 0
# Specify mesh growth for each adapt cycle. Mesh growth may range between 1.01
# to 8 – specifying 8 means that you allow refinement of every cell in the
# mesh. We found the sequence below to work well for many problems: if your
# initial mesh has roughly 10,000 cells, then after 10 adaptations it will
# surpass 10 million cells. (For 2D cases, we recommend growth factors of 1.25
# for first two cycles and 1.5 for the rest.) If you wish to set the
# adaptation threshold manually, see the ath array in Expert Options.
# cycle
0 1 2 3 4 5 6 7 8 9 10 11 12
set mesh_growth = ( 1.5 1.5 2.0 2.0 2.0 2.0 2.0 2.5 2.5 2.5 2.5 2.5 2.5 )
# set apc: adapt or interface propagation cycle
# a = adapt
# p = propagate interfaces (adapt with fixed maxR)
# use sparingly – we recommend switching to p cycles once your volume mesh
# over-refines your surface triangulation and using p on the first cycle to
# reduce the bias of the initial mesh
# cycle 0 1 2 3 4 5 6 7 8 9 10 11 12
set apc = ( p a a a a a a )
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# Set extra refinement levels for final mesh. This allows you to adapt the
# mesh multiple times with the same error map in the last adapt cycle, thereby
# bypassing the flow, adjoint, and error estimation steps. Use with caution:
# the mesh should be fine enough so that the error estimate is decreasing –
# preferably the solution should be in the Richardson region. This helps
# circumvent the memory limitations of the error estimation code. Default value
# is 0 and maximum allowed value is 3
set final_mesh_xref = 0
# Functional averaging window in terms of flowCart mg-cycles. This is useful
# for cases that do not converge to steady-state. The averaged functional is
# reported in the fourth column of fun_con.dat, and is also used to set
# relative error (default: avg_window = 1).
Set avg_window = 1
# set mesh2d = 1 for 2D cases, mesh2d = 0 for 3D cases
set mesh2d = 0
# binaryIO tecplot output (default yes)
set binaryIO
set binaryIO = -binaryIO
# adaptation restart
# use command line argument or set adapt_restart = 1 for restarts
set adapt_restart = 0
# adaptation jumpstart
# use command line argument or set adapt_jumpstart = 1 to start from an existing mesh
set adapt_jumpstart = 0
# verbose mode
set verb
# set verb = -v
# Initial mesh parameters (cubes)
set cubes_a = 10.0
set cubes_b = 3
# Internal mesh (cubes)
set Internal
#set Internal = ‘-Internal’
# -------------------------------------# Experimental options under development
# -------------------------------------# Select relative (use_relative_etol=1) or absolute (use_relative_etol=0) error
set use_relative_etol = 0
# For relative error, etol is computed as a fraction of functional
# default 4% -> 0.04
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set etol_fraction = 0.04
# smallest allowable etol value (in case your functional is close to zero)
set etol_min = 1.0E-4
# To solve adjoint equation on finest mesh, set adjoint_on_finest=1
set adjoint_on_finest = 0
# To do error analysis on finest mesh, set error_on_finest=1
set error_on_finest = 0
# Keep final error map in “./EMBED/Restart.XX.file”
# Useful for % cubes -remesh ..., default value is 0
set keep_error_maps = 0
# Refine all cells: useful for uniform mesh refinement studies. This overrides
# the error map and forces adapt to refine all cells. The adjoint correction
# term and error estimate are reported. Default value is 0
set refine_all_cells = 0
# --------------------------------------------------# EXPERT user options: flags below are rarely changed
# --------------------------------------------------# Fine tuning of mesh growth when performing extra refinements on the final
# mesh, i.e. when $final_mesh_xref>0 and $mesh_growth is being used. The mesh
# growth for each extra refinement is given by:
# ($mesh_growth-1)*$xref_fraction+1
# The main idea is that as extra refinement cycles are performed, the
# adaptation focuses on only the highest error cells. This is where the error
# map is most accurate and most adaptation is required. The value should be
# between 0 and 1, and at most three extra refinements are allowed
set xref_fraction = ( 1.0 1.0 0.8 )
# flow solver warm starts (default 1=yes, 0=no)
set use_warm_starts = 1
# grid sequencing or multigrid (mg default)
# flowCart
set mg_gs_fc = ‘-gs’
set mg_gs_fc = -mg
# adjointCart
set mg_gs_ad = ‘-gs’
set mg_gs_ad = ‘-mg’
# full multigrid: default is to use full multigrid, except in cases with power
# boundary conditions (automatic with warm starts)
set fmg
# set fmg = -no_fmg
# pmg: poly multigrid, default null
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set pmg
# set pmg = ‘-pmg’
# number of multigrid levels for initial mesh (default 2, ramps up to mg_fc/ad)
set mg_init = 2
# subcell
#set subcell
set subcell = -subcell
# buffer limiter: improves stability for flow with strong off-body shocks
set buffLim
# set buffLim = ‘-buffLim’
# cut-cell gradients: 0=best robustness (default), 1=best accuracy
# if mesh2d=1, then we set tm=1 automatically
set tm = 1
# Run adjoint solver in first-order mode. In hard cases where attempts to run
# second-order adjoints with or without pmg consistently fail, you can
# short-circuit this and go directly to first-order adjoints by setting
# adj_first_order = 1. The flow solution remains second-order, but all adjoints
# will be first-order accurate. Use caution: this should give a consistent set
# of error estimates, which is probably safe for relative errors and meshing,
# but may be inaccurate with respect to a second-order run. Default value is
# adj_first_order = 0
set adj_first_order = 0
# In 3D cases with tm=1, error estimation is done with tm=0 for robustness. If
# you want to use tm=1 in error estimation, then you need to set err_TM1=1
# below. This is recommended only for simple (academic) cases that converge
# well. In general, the default (0) setting is _strongly_ recommended.
Set err_TM1 = 0
# In 3D cases with tm=1, adjoint solver robustness is much better with tm=0. If
# you want to force tm=1 in adjoint solves, then you need to set adj_TM1=1
# below. In general, the default (0) setting is _strongly_ recommended. Note
# that adjoint convergence is monitored, so if divergence occurs then tm=0 is
# set during runtime.
Set adj_TM1 = 1
# Set the number of multigrid levels when aero.csh drops down to pMG due to
# convergence problems. Default value is 2, which means no geometric
# multigrid. In subsonic cases, 3 multigrid levels may be better. Note that
# this flag has no effect on the pmg multigrid levels when the pmg flag is
# selected above. It influences only the automatic run control of aero.csh.
set mg_pmg_auto = 2
# Adaptation threshold array: if you wish to set ath manually, set mesh_growth
# to null (uncomment next line) and set the ath array:
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#set mesh_growth
# cycle 0 1 2 3 4 5 6 7 8 9 10 11 12
set ath = ( 16 8 4 2 1 1 1 1 1 1 1 1 1 )
# adapt buffers (default 1)
set buf = 1
# set name of user time output file
set time_file = user_time.dat
# set names of executables
set flowCart = flowCart
set xsensit = xsensit
set adjointCart = adjointCart
set adjointErrorEst = adjointErrorEst_quad
# --------------------------------------------# STOP: no user specified parameters below here
# ---------------------------------------------
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APPENDIX B
FUN3D Solver
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FUN3D.nml
&project
project_rootname = “5.5D_short_support_inviscid_ADS”
case_title = “5.5D_short_support_inviscid_ADS”
/
&governing_equations
eqn_type= ‘compressible’
viscous_terms = ‘laminar’
/

&reference_physical_properties
dim_input_type = ‘nondimensional’
gridlength_conversion = 1.0
mach_number = 6.0
vinf_ratio = 0.0
80eynolds_number = 8223917.433
velocity = 0.0
density = 0.0
temperature = 288.0
temperature_units =’Kelvin’
angle_of_attack = 0.0
angle_of_yaw = 0.0
/
&boundary_conditions
total_pressure_ratio(2) = 120.0
total_temperature_ratio(2) = 1.50347 ! approx 160 C (scaled by 288 K)
static_pressure_ratio(3) = .0001
wall_temp_flag(1) = .true.
wall_temperature(1) = -1
wall_temp_flag(4) = .true.
wall_temperature(4) = -1

wall_temp_flag(5) = .true.
wall_temperature(5) = -1
wall_temp_flag(8) = .true.
wall_temperature(8) = -1
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wall_temp_flag(9) = .true.
wall_temperature(9) = -1
/
&nonlinear_solver_parameters
schedule_cfl(1:2)=10.0, 10.0
/
&force_moment_integ_properties
area_reference =1.0
x_moment_length =1.0
y_moment_length =1.0
x_moment_center =1.0
/

&inviscid_flux_method
flux_construction =’ldfss’
flux_construction_lhs =’vanleer’
kappa_umuscl = -1.0
flux_limiter = ‘hvanalbada’
smooth_limiter_coeff = 1.0
freeze_limiter_iteration = -1
first_order_iterations = 0
multidm_option = 1
fixed_direction = .true.
recalc_dir_freq = 1
adptv_entropy_fix = .false.
rhs_u_eigenvalue_coef = 0.0
lhs_u_eigenvalue_coef = 0.0
rhs_a_eigenvalue_coef = 0.0
lhs_a_eigenvalue_coef = 0.0
temperature_fix = .false.
re_min_vswch = 50.0
re_max_vswch = 500.0
pole_gradient = .false.
/
&code_run_control
steps
= 1000
stopping_tolerance = 1.0E-15
restart_write_freq = 1000
restart_read = ‘on’
/
&global
volume_animation_freq = 1000
/
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&raw_grid
grid_format = ‘aflr3’
data_format= ‘stream’
ignore_euler_number= T
/
&volume_output_variables
export_to = ‘fvuns’
x = .false.
y = .false.
z = .false.
/
&component_parameters
allow_flow_through_forces = .true.
list_forces = .true.
number_of_components = 2
component_count(1) = 1
component_input(1) = ‘2’
component_name(1) = ‘Inflow’
component_count(2) = 1
component_input(2) = ‘3’
component_name(2) = ‘Outflow’
/
&gpu_support
use_cuda = .true.
gpus_per_node = 4
!use_cuda_mpi = .true.
cuda_start_mps=.true.
!device_list = “1,2,3”
/
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Python script
Written by: Kidambi Sreenivas
#!/home/sree/Python-2.7.18/activate/bin/python
from __future__ import print_function, division
import sys
sys.path.append(‘/scr/sree/FUN3D/EPYC/Python_GCC_9.3/lib/python2.7/site-packages’)
import numpy as np
from mpi4py import MPI
from FUN3D.solvers import Flow
from FUN3D import interface

def get_total_pressure_ratio(step):
“””
step changes till we get to target
“””
pressure_ratio = 2.5
if (step >= 1000): pressure_ratio = 5.0
if (step >= 2000): pressure_ratio = 7.5
if (step >= 3000): pressure_ratio = 8.845928
if (step >= 4000): pressure_ratio = 12.5
if (step >= 5000): pressure_ratio = 15.0
if (step >= 6000): pressure_ratio = 17.5
if (step >= 7000): pressure_ratio = 20.0
if (step >= 8000): pressure_ratio = 22.5
if (step >= 9000): pressure_ratio = 25.0
if (step >= 10000): pressure_ratio = 30.0
if (step >= 11000): pressure_ratio = 35.0
if (step >= 12000): pressure_ratio = 45.0
if (step >= 13000): pressure_ratio = 50.0
if (step >= 14000): pressure_ratio = 55.0
if (step >= 15000): pressure_ratio = 60.0
if (step >= 16000): pressure_ratio = 65.0
if (step >= 17000): pressure_ratio = 70.0
if (step >= 18000): pressure_ratio = 75.0
if (step >= 19000): pressure_ratio = 80.0
if (step >= 20000): pressure_ratio = 85.0
return pressure_ratio

def get_total_temperature_ratio(step):
“””
sinusoidal variation
“””
temperature_ratio = 1.5034722222222222222222222222222

return temperature_ratio
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if __name__ == ‘__main__’:
# Demo script options
prior_steps = 9000
# if restarting set to number of steps in the restart file
nsteps = 1000
# match value set in FUN3D.nml

#==========================================================================
# Initialize the FUN3D flow solver – read namelist, partion mesh, etc.
#==========================================================================
comm = MPI.COMM_WORLD

flow = Flow()

flow.initialize_project(comm=comm)

# limited support for options typically read from command line. See list at top of
Python/flow/interface.py
command_line_options = {}
flow.setOptions(kwargs=command_line_options)

flow.initialize_data()
flow.initialize_grid()
flow.initialize_solution()

#==========================================================================
# Time step loop
#==========================================================================
for step in range(prior_steps+1,prior_steps+1+nsteps):

# update the pressure and temperature ratio
ibc = 1 # corresponds to BC 7011 in the mapbc file
pressure_ratio = get_total_pressure_ratio(step)
interface.bc_input_total_pressure_ratio(ibc,pressure_ratio)

temperature_ratio = get_total_temperature_ratio(step)
interface.bc_input_total_temperature_ratio(ibc,temperature_ratio)

84

# take a step of FUN3D
flow.iterate()

#==========================================================================
# Finish the FUN3D analysis. Write restart files, hist files, etc
#==========================================================================
flow.post()
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FUN3D Bash Script
Written by: Alexander J Snyder
!/bin/bash
#sbatch firefly.run.FUN3D
#srun –gres=gpu:4 –ntasks=4 –pty bash
/scr/sree/OpenMPI-4.1.1/Firefly/intel_2020/bin/mpirun -np 4 –mca btl tcp,self
/scr/sree/FUN3D/Firefly/intel_2020_CUDA_11.3/OpenMPI-4.1.1/bin/nodet_mpi --time_timestep_loop
> out.14000
sed -I “s/total_pressure_ratio(2) = 45.0/total_pressure_ratio(2) = 50.0/” FUN3D.nml
/scr/sree/OpenMPI-4.1.1/Firefly/intel_2020/bin/mpirun -np 4 –mca btl tcp,self
/scr/sree/FUN3D/Firefly/intel_2020_CUDA_11.3/OpenMPI-4.1.1/bin/nodet_mpi --time_timestep_loop
> out.15000
sed -I “s/total_pressure_ratio(2) = 50.0/total_pressure_ratio(2) = 55.0/” FUN3D.nml
/scr/sree/OpenMPI-4.1.1/Firefly/intel_2020/bin/mpirun -np 4 –mca btl tcp,self
/scr/sree/FUN3D/Firefly/intel_2020_CUDA_11.3/OpenMPI-4.1.1/bin/nodet_mpi --time_timestep_loop
> out.16000
sed -I “s/total_pressure_ratio(2) = 55.0/total_pressure_ratio(2) = 60.0/” FUN3D.nml
/scr/sree/OpenMPI-4.1.1/Firefly/intel_2020/bin/mpirun -np 4 –mca btl tcp,self
/scr/sree/FUN3D/Firefly/intel_2020_CUDA_11.3/OpenMPI-4.1.1/bin/nodet_mpi --time_timestep_loop
> out.17000
sed -I “s/total_pressure_ratio(2) = 60.0/total_pressure_ratio(2) = 65.0/” FUN3D.nml
/scr/sree/OpenMPI-4.1.1/Firefly/intel_2020/bin/mpirun -np 4 –mca btl tcp,self
/scr/sree/FUN3D/Firefly/intel_2020_CUDA_11.3/OpenMPI-4.1.1/bin/nodet_mpi --time_timestep_loop
> out.18000
sed -I “s/total_pressure_ratio(2) = 65.0/total_pressure_ratio(2) = 70.0/” FUN3D.nml
/scr/sree/OpenMPI-4.1.1/Firefly/intel_2020/bin/mpirun -np 4 –mca btl tcp,self
/scr/sree/FUN3D/Firefly/intel_2020_CUDA_11.3/OpenMPI-4.1.1/bin/nodet_mpi --time_timestep_loop
> out.19000
sed -I “s/total_pressure_ratio(2) = 70.0/total_pressure_ratio(2) = 75.0/” FUN3D.nml
/scr/sree/OpenMPI-4.1.1/Firefly/intel_2020/bin/mpirun -np 4 –mca btl tcp,self
/scr/sree/FUN3D/Firefly/intel_2020_CUDA_11.3/OpenMPI-4.1.1/bin/nodet_mpi --time_timestep_loop
> out.20000
sed -I “s/total_pressure_ratio(2) = 75.0/total_pressure_ratio(2) = 80.0/” FUN3D.nml
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/scr/sree/OpenMPI-4.1.1/Firefly/intel_2020/bin/mpirun -np 4 –mca btl tcp,self
/scr/sree/FUN3D/Firefly/intel_2020_CUDA_11.3/OpenMPI-4.1.1/bin/nodet_mpi --time_timestep_loop
> out.21000
sed -I “s/total_pressure_ratio(2) = 80.0/total_pressure_ratio(2) = 85.0/” FUN3D.nml
/scr/sree/OpenMPI-4.1.1/Firefly/intel_2020/bin/mpirun -np 4 –mca btl tcp,self
/scr/sree/FUN3D/Firefly/intel_2020_CUDA_11.3/OpenMPI-4.1.1/bin/nodet_mpi --time_timestep_loop
> out.22000
sed -I “s/total_pressure_ratio(2) = 85.0/total_pressure_ratio(2) = 95.0/” FUN3D.nml
/scr/sree/OpenMPI-4.1.1/Firefly/intel_2020/bin/mpirun -np 4 –mca btl tcp,self
/scr/sree/FUN3D/Firefly/intel_2020_CUDA_11.3/OpenMPI-4.1.1/bin/nodet_mpi --time_timestep_loop
> out.23000
sed -I “s/total_pressure_ratio(2) = 95.0/total_pressure_ratio(2) = 105.0/” FUN3D.nml
/scr/sree/OpenMPI-4.1.1/Firefly/intel_2020/bin/mpirun -np 4 –mca btl tcp,self
/scr/sree/FUN3D/Firefly/intel_2020_CUDA_11.3/OpenMPI-4.1.1/bin/nodet_mpi --time_timestep_loop
> out.24000
sed -I “s/total_pressure_ratio(2) = 105.0/total_pressure_ratio(2) = 120.0/” FUN3D.nml
/scr/sree/OpenMPI-4.1.1/Firefly/intel_2020/bin/mpirun -np 4 –mca btl tcp,self
/scr/sree/FUN3D/Firefly/intel_2020_CUDA_11.3/OpenMPI-4.1.1/bin/nodet_mpi --time_timestep_loop
> out.25000
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FUN3D Boundary Conditions
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APPENDIX C
Wind Tunnels
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Notre Dame Wind Tunnel

Figure 45 Notre Dame Hypersonic Wind Tunnel [4]

AFRL Wind Tunnel

Figure 46 Pressure Sensor Locations for AFRL Hypersonic Wind Tunnel [18]
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Figure 47 AFRL Hypersonic Wind Tunnel [18]

GALCIT Wind Tunnel

Figure 48 Galcit Hypersonic Wind Tunnel [6]
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